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.Quantitative Analysis of Card-Gap Tests
The Reflected Wave Technique
Paul K. Salzman
Aerojet-General Corporation
Downey, California

I. INTRODUCTION

One of the most useful methods of evaluating s¥ock sensitivity of propellants and
explosives is the card-gap shock attenuation test. -3 Because shock pressure is
considered the most impartant parameter causing detonation in shock initiated explosives,
fozversion of gap thickness to shock pressure has been carried out at NOL’ and Aerojet,

for various diameter card-gap tests using Plexiglas (or Lucite) as the attenuating
medium,. ’

It has been noted 1»5 that the shock pressure at the end of the attenuating gap
is not the same as the shock pressure entering the test sample because of the
"impedance-mismatch" at the interface between the Plexiglas attenuator and the test
sample. The magnitude of this change depends on certain mechanical properties of the
two media and is unknown since the data does not, in general, exist for most
propellants and explosives. Without this knowledge card-gap test results remain
qualitative.

An experimental-theoretical method, called the "Reflected Wave Techuique" ("RAT")
was deve10pedl to determine transmitted shock pressures in card-gep test cenfigurations
without meesurement or knowledge of the test-sample properties. The method uses the
laws governing the modification of shock waves at the interface between the media and
the experimental measurement of the velocities of the incident and reflected weves at
the Interface.

The main purpose of this investigation was to experimentally determine the accuracy
of the "RWI". . This was done by using the "RWT" to compute the shock pressure
transmitted to water, carbon tetrachloride, 2024{-T4 aluminum and C 101€ cold rolled
steel using various diameter card-gap test configuraiions, a.d comparing the results
'with values of transmitted pressure obtained independently. The method was also
. applied to two other materials (simulated propellant® and #30 sand) for which the
transmitted shock pressure could not be computed independently.

Since each application of the "RWI" requires the use of a streak camera, it was

. considered desirabtle to determine from the above results if an empirical correlation,
independent of the test diameter, could be found between the incident and transmitted
shock pressure for each Plexiglas-acceptor pair. 3Such a relation would save
considerable time in allowing subsequent determination of transmitted pressure without
further apprlications of the "RWI". In addition, application of the "RWT" provides
pressure-particle velocity data for each material testede Since this represents a
new and relatively simple method of Hugoniot determination, the accuracy of the results
were evaluated by comparison with values from the literature.

In this investigation, a.series of framing camera studies were made in order to
determine if a definite identification of the incident, reflected, and (for trans-
parent acceptcrs) transmitted shock waves could bé made. Also, observations were
made 10 help determine to what extent the Plexiglas is altered by, or made opaque
by, the prior passage of the incident shock.

- ® Polyurethane, alumimm and potassium chloride.
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. - Figure la is a schematic of the general experimental set-up used to-determine the
velocities of the inecident and reflected waves. The relay lens was used ‘o ovtain an
overall magnification of about 1 and was aligned with the streak canerz lens by
mounting it on an optical bench rigidly attached to the camera chassis. The distance
between the lenses was about 48". The event, which was about 6! from the relay lens
(approximately 33" from the armor glass at the end of the porthole), was mountad on a
steel stand such that the Plexiglas-sample interface was near the optical axis, With
this arrangement a field of view {on the vertical axis) of about 1", at the event, was
obtained. Backlighting was provided by an argon boab trat consistsd of & 34" diameter
by 7" long quart ice-cream container with a slab of composition C-4 high explosive at
one end and a translucent covering of Saran wrap and vellum paper at the other end.
The bomb was taped to a stand so that its axis was on the optical axis of the systenm
and was placed from 13-15" behind the event. Figures 1b and lc are details of the
two types of events used in this program. The first shows the card-gap test configu-
ration used for solid samples while the other ihows the equivalent test set-up used
for liguid samples {i.e. the "aquarium" method*.) To eliminate the distortion of the
light from the argon bomb by the curved surfaces of the Plexiglazs coluan, narrow
parallel flats were machined and polished along opposite sides of all the colunias. In
each test the length to. diameter ratio of the tetryl donor _was kept constant at a
value of 2. The tetryl density varied from l.5 - 1.6 g/c.m3 For the solid tests the
acceptor diameter was kept equal to the colwan diameter while the sample height was
always 2 inches.

~ A high-speed continuous writing streak camera was used for all shock pressure
measurement tests. In order to make the set-up depicted in Figure la practical, a
£/2.5 lens with a focal length of 7" was used in the camera. The relay lens, with

an aperture of £/6, had a focal length of 24". The smallest available slit (0.004
in. wide) was used to make the shock front image as sharp as possible. In order to

. help minimize computation errors a turbine speed of approxinately 2000 rps was used
(writing rate = 2.9 mm/nsec) which gave a streak at an angle of about 450 to the film,
For most of the acceptor materials, tests were conducitad with columns of 4%, 1", 1M,
and 2" diameter and lengths of &, 1", 14", and 2", The slit of %ho sires. co.crs
restricts the field of view to the flattened portion of these colums.

The streak-camera film record produced for each test was reduced by reading the
£ilms with a Gaertner microcomparatore The data was then numerically differentiatedl
to give a velocity at the film plane. To obtain real values of shock velocity this
data was multiplied by the ratio of the magnification and time factors for each test.

The event (test set-up), streak camera, film development procedure, micro-
comparator, and calculation methods may all be considered as sources of systematic and
random error in the experimental determination of shock velocity. ‘here possible,
procedural refinement and/or changes were adopted in an attempt to minimize error.

The estimated -overall error in velocity was about 3.5%. In addition, the error in
the determination of shock pressure is always greater than in the deteruination of
shock velocity because of the relationship between them. - The average error in
determining shock pressure was computed to be about 13%.

A 'hig'h speed framing camera was used for the qualitative investigations of the
progran. The test set-up was similar to that depicted in Figures la - 1lc except that
no relay lens was used. A camera speed of about 4000 rps was used to obtain 25 frames
at a framing rate of about 980,000 frames per second. At this speed the shock wave
could be followed at about 1,05 psec intervals.. .
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III. THECRETICAL
The basic laws that govern the modification of a shock wave nau:

boundary between two media may be stated verbally as: "s'ock Pres.
velocity must remain continuous across the boundary" 1,45 =€ or:

Sl

¥t = P1 % Pp and: Q)

ug = v F ur (2)

where P is shock pressure (kbar), u is particle velocity (ma/psec) and the subscriris
t, i and r refer to the transmitted, incident, and reflected waves respcetively. The
sign to be used in ejuation 1 is determined by the "impedance nismatch! b.twccr‘ the
nedia threough which the incident awi trans nLtt”d waves rass. If QtUt>?1Ui (215 the
initial (unsno cked) density (gm/cm3 and U is shock velocity (m/psec)) the riuc {+)
sign aule.e.—. and if etJt<Q1Ui the winus (-) sign applies. TFor a given case, the
oprosite sign is used in eguation <.

The shock oressure transmitted to a test sample cag be computed by coritining
emuation 1 with the well krown hydrodynz:iic relation:

P = 10gUu (3)
to give
t = 10 Qi54us ¥ 10Q  Urur (4)
:c*’dcn‘ Jave passes Lirough Fle*:iglas i.e., the atiemuater). If it

neldeat wave does not greatly alter e Mexiglas,® the reflected
ay also bn CO!".old red as oas:,:l.n» t‘ Susn "‘c same lruc'glas. In this case,

Fy = 20Q,{Upuy 2 D)) (5)

The "leflected Jave Technique" consists of an experimental ieasarenent of U =and
Up {from z streak canera rocord of ihe event),d comumuo“ of Uy and u, froi t}
previcusly measured eguation of state of Flexiglas™ (the reflected wave ig assux
be passing through unaltered Flexiglas) and application of equation 5 to ;ive the
shock pressuve transnitted (Py) to a test sample. It should be enphasized hers tiat
Bt is found without nmeasurement or knowledze of the acceptor nropertiesd

b q's 1-3 ~re strictly applicable only to one-dimensional {plasar) chocks. Iven

thougn sne shocks producad in these tests (sce Figure 2) are ron-rlanar vad bherefcre
at least two—dimensional, the slit of the streak camera used to ovtain the data
restricts the field of view to such a small portion of the wave that the curvature
may be ignored and the waves ccusidared plansre

This assumption means, in this case, that the density and equation of stzte of the
mediun through wkich the reflected wave passes is unchanged (or only slightly
different) from Plexigzlas.

Although the basic equation used to derive equation 5, {(i.e., ejuation 1 ) is
strictly valid only at the interface, the measurements of and U, were made at some
small distance (< lmm) fron the actual interface. This was done because during
reflection the incident and reflected waves overlap (for a time equal to the incident
wave pulse width) causing distortions of the streak record. These distortions can be
seen near the interfaces of the reccrds shown in Figure 3. The error introduced by
measurements near, rather than at, the interface is considered negligible since
attenuation of the waves over such small distances is negligible.
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Hugoniot data for the acceptor may be computed from this result (i.e., Py) and eguation
2 withuy = up.

u = up ¥ ur ' (%)

Since both and u, were computed in applying the "R4T", uy is found directly from
equation 6. "It is also possible to compute Ut from Py and u by rearrangement of
equation 3, if the density of the acceptor medium is known.

IV, RESULTS AllD DISCUSSION
A+ Framing Camera Studies

The results of 13 tests with a framing camera are sumarized in Table I. 4 typical
record is shown in Figure 2. Definite identification of the reflected wave was wade in
all but 3 of the tests. Further examination of the records showed that, excert in one
case, no visual damage (i.c., breakup or opacity) to the Flexiglas immediately behind the
incident wave occurreds The two column diameters and various lengths provided a range
of shock pressures (P,) at the interface (7 to 70 Kber) over which the above observation
is valid. Although no definite conclusion can be made, these results help to supnort
the assunption made in the development of the YRIT" that, "the incident wave does not
greatly alter the Flexiglas." o

The results in Table I show that the curvature of the waves for each diameter column
was approxismately constant. This indicates that curvature is a geometrical property
independent of the total attenuation. The average, for " diameter columns is 0.028
L while that for 2" diameter colusms is 0,012 ma.™ In the worst case the maximum
deviation from planarity for that portion of the shock wave viewcd through the streak
camera slit, is less tuan O 071 v This rescly justifies the assumption made in wha
deveZopment of the “"HAT' that the one-dimonsicnal equations are applicable in this cusze

o effects, pertinent to the results in Table I, of the acceptor material were
noteds However, it was noted that for the liquid acceptors (water and CCJI*) the records
were generally superior to the resto This is probably due to the fact that the liguid’

surface (see Figure lc) acts as a second blast shield and helps keep the gaseous

detonation products which obscure the view, frém following the incident wave too
closely. In the dry shots, the lack of this added protection restricts the distance
over which the reflected wave may be viewed since the gaseous products meet the
reflected wave soor after reflection. This view is supported by the observation in
Figures 3e-3d that the duration of the reflected wave is longer for the liguid acceptor
(the scale of Figure 3a is ~ half the others) than for the dry acceptors. Since actuel
card-gap tests are always dry the shorter duration over which the reflected wave :may e
ueasured 1s more realistic in terms of what is to be expected. rowever, this ingos
no special restriction on the "KIT" since the veiocily of the reflectsd wave can e
detarmiined even for very short durations when a microcomparastor is used for the
measurements. -

€5

A mmber of the framing camera tests gave some unusual results. Two are of some
interest here. In one the shock wave appeared self-luminous and also the argon bomb
apparently did not light. Uo immediate explanation can be given but if the conditions
under which the result occurred could be repeated, it might be possible to carry out
the "RAT" without backlighting, and subsequent simplification of the teste In another
test the apparent shock wave thickness is ~ 8.0 mm. This is unusually high (most shcis
average~2.5 mn) and indicates a low velocity shock wave. This would inply that
variations in the tetryl donor quality may exist. This variation has been noted by
Cock§ and is of concern since the rellability of the card-gap test depends on the
reproducibility of shock pressure at a given attenustor distance which in turn depends
directly on the quality of the donor used. .
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Be Streak Cwaerza Studies

1. Accuracy of "M

In order to check il accuracy of the "n!T“ fer the wic iiguid and wue so
acceptor materials, the tra: wted m‘e:shrﬁ \P Y was computed and coupared Yo the
trangnitted pressure founc .t;iaeponde'lul ). “The acceptors were: water,Q = 1.00
g/cam’; carbon tetrachloride, €= 1.59 g 0/)c:mj 2024~T4 aluninun, Q— 277 Q,cmj; and C 1013
cold rolled steel,@= 7o 56

Two statistical measures were annlied to the data. They are

*
Nf_ \t*_;;‘l\ X100 /N

|FE| = average absolute % error = <

— V N [ Pr-P :

PE = average % error = £ (P_*F—")noo N
’ [} €

The first measure will always be positive and describes the overall percentage aceuracy
of the method and is the main one considered. The second aeasure may be positive or
negative and describes the overall percentage bius {or dirse®isn) of the method and
deternines if any consistent trends exist.

For the transparent acceptors {i.ea, I-LO and CCl he shock transmitied
appeared on the streak camera record {see FJ.gure 3z) aqdl“l wag zegsured directly,
ut, computed from the eguation of state reported in the llt\,rd.tur@,g and Pt (the
independent measure) computed from equation 3. This was then compared to the value
computed by the "RWT¥. Since the impedance of water and 0014 are known to be less than
that for Plexiglas the rczative (=) sign was used in equation 5 for the "RWT' calculation.
Because of the health hazard involved at the test site only a sxmll amoun® of similar
data for 0014 was found,

For those acceptor materials that are opaque (i.es, stecl and alwainwa), the
streak camera record did not show the transmitted wave (see Figures 3b-d). In this
case the shock pressure transmitted {the independent measurenent) may ba found by, a
graphical method which uses the known Hugoniotl!s of the acceptor and Ple,cwlas.5 5,5-10
These values (Pt ) are then compared to the ones computed by the "HWT". For both of
these materlals, the mpedance 1ls known to be higher than that for Flexigias and the
plus (+) sign was used in equation 5. In order to check the accuracy of using this
"reflected Hugonioi" method as an independent measure of transmitted pressure when
applied to the opaque acceptors, it was first applied to the transparent acceptors
mgx)rtloned above, so that a comparison with the measured results cuulri be made (Pw th VS
Py

The "RATY was also applied to two other acceptor materials which are opaque but
for which the HRugoniots are uinkngun. The materials were simulated propellant, @ = 1.65
and #30 sand,@ = 1.36 g/cmB The impedances of these materials are unknown but
since simulated propellant is a coherent solid more dense than Flexiglas, the plus (+)
sign was used in equation 5 while the minus (=) sign was used for sapd since it is an
incoherent material not much more dense than Flexiglas (Q’-‘—’ 1.2 g/en?).

a, - Transparent Acceptors

. Table II and Figurq 4 show the results of Py vs P: for 12 tests with a water
acceptor. The line drawn in Figure 4 represents equa.lltj of pressures (i.s., 45° line)
and the distribution of the data about this line is a measure of the applicability of
" the method, For this data |PE{ = 11,3% which indicates that the "RWI' can predict
transmitted pressure with an overall error of < 12% (which is less than_the average error
in determining shock pressure) for this acceptor. For the same data IE = +4.1% which
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indicates that, on the average, Pt falls slightly below P:. Since FE is well within
experimental error no bias of the data is indicated even though the three data points
at high pressure are low. More data in this region is necessary to determine if any
trends do exist and if the accuracy of the "RAT" falls off, ’

The "Hugoniot" method of determining shock pressure transmitted was
applied to water and CCl4 and provides data (Pth) also §_‘t_zown in Table II. This ii used
to evaluate the accuracy of the graphical method. The IPEifor this data (Pyy, vs P‘b) is
37.1% and indicates that the “Hugonlot" technique predicts transmitted pressure with
an overall error about 3 times as great as the "RWT" (and the experimental error), For
tl;e same data PE = 27.43 which indicates that Pyp, on the average, is somewhat above
Pt. This figure is also not within experimental error and thus indicates a bias, It
may be concluded that the "Hugoniot" method gives values of transmitted pressure that
are ~s27% high,

Because of these differences, the reliability of using the "Hugonioi!"
method as an independent measure of transmitted pressure is in serious doubt. Iowever,
the bias in the data may be used to adjust the subsequent results for opaque materials
to more realistic values.

bs Opague Acceptors

graphical method described was applied to the opaque accegtors, steelll

e
and xa.lum:.numf;il and the results are shown in Table III (i.e., Py vs Pyp). Comparing
the "RWT" method to this graphical method (Py vs Pyy) gives, IPE|= PE =421.85. This poor
agreement was at once resolved when the values of Py were adjusted downward by the

‘average bias (27.4%) computed aboves These results (Pyp,) are also shown in Table III,

and the adjusted comparison (Pt Vs Pyp,) in Figure 5.

For this adjusted data, {PEl= 15.1% which indicates that the "RWT can
predict transmitted pressure with an overall error of about 15% for these opague
acceptorss It should be noted that this value is soicewhat conservative since the
manipulation of the data necessary to establish realistic values of the independent
transmitted pressure was done on an average basis. A more detailed analysis of the
Pth vs P{ data might give a number of correction factors {(instead of one) that would
further improve the correlation seen in Figure 5. The FE for this data is 40.4% which
is well within experimental error and indicates no bias.

g From this discussion the results (P) of applying the "RWT" to similated
propellant and sand, shown in Table IV, may be considered to be accurate within 11-15%.

2. Pyvs P Correlation
From the data shown in Tables III and IV it is possible to determine if a

- simple relationship, independent of test diameter, exists between Py and P, for a

given acceptor material. Figures 6~9 show the results of plotting P, vs P for
water and CCly, steel, aluminum, end simulated propellant and sand respectively, From
the legend in each figure the diameter of the test used to find a particular point
can be determined. The best-fit line drawn in each case was found by the least~
squares method. They are: _

‘uater; - Py = 0.837 By - 4.387 ' 7
steel; Py =1.083 P, + 6018 (8)
aluninum;’ Py = 1.221 B, + 136 o (9)
simulated .

propellant; Py = 1,050 P + 1.81 (10)

‘sand; . Py =0.9035 By = 2,76 (1)
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Although in Figure 6 there is some stread of the water data :
no treads with respect to test diaweter are apnarcat. It w ne
spread is due to random deviations of the data. Com,,dn*x‘_, m ¢ dzta {less cne very pcor
point) to equatlon 7 the FEPF is 23. 25 which indicates the overall accuracy cf \:_
this relationsrip to predict Fy in water for a given F Lxdcpe*.uwf of the diancte
the test, and without further streak canera records. Sines there is only one dula
point for 0014 no correlation is possible..

o
"
X

of

The remaining cor_glatlons are sommmat. better. For steel, alw.inum, and
siimulated propellant the |FElare 15.43, 13,55, and 7.7% res peciively. 4lso no diane
trends are apparent. Since there are only two data points (at the szme diameter) for
sand, eguation 1l pasces through both and the accuracy of the corrslaoiion 1z uainown.

althouzh there is 0o specific reascn o assume that the r:,laticnships in
Figures 6-2 are linezr {they c:mld be quaumtlc, exponential, ete.) it is convenient
to use ithe sinplest form possible. The valve of the \PEI 's comsuted for the linez
expressions 1n:11">te that this appreach is warranteds

Siace all the|TE|'s except one arc arcroximately within the aversge error in
compu"iny Py (~13%) it sy be concludad ihat a Py vs Py rx_la.t-oqsulp does exist, and
that it is independent of the diametver ol the tes%. I 1s also inveresiing to note
that the rost acm,\ratv result (FEV = 7.7%) was obbained with the .aterial (.,mul‘.t.r-d
propellani) .ost clossly resembling prepellanis and explosives.

3o imgoniot Determination

As previously showr, ejuation € aleng with the result from ihe "RATY can be
used o compute one point on the niot of the aceeplore The reSulu.. {Py vs U‘b)
for water and CCl,, stsel, and alwasinum appear in Tebdle IXI and are plotted s
respectively in Figures 10-12 along with the Fugoniot curves from the literature.”? 7511
It is evident that, except for CCl,, the results are both lnaccurate (considerable
spread in the datz) and biased ‘most roints are bclow the line)e It is difTicult to
explain these results but since the average error in computing Py was shown to be
~ 13% it is assumed that the scatter is due, at lezst in part, to errors in 00'qput.1ng
ut. This wias estimated to be from 13-40%, depending on the acceptor mediws. In
Figures 10-12 the computed errors in uy are represented br_, the length of the
horizontal lines through the points. .lso, since the bias in computing Py is only
~+,% the bias in Figures 10-12 is assumed to be due .Jam.__/ to a bias in computing uye
It is not clear why this bias arises or what its magnitude would bee

From the foregoing results it way be concluded that furiher study and analysis,
along with refinements in obtaining data, are needed before Hugoniot prediction by this
method can be considered accurate and usablce

V. CONCLUSIONS

The major conclusions of this investigation are: (1) the "RWT can be used to
compute the shock pressure transmitted to a test specimen in card-gap test configu-
rations with an accuracy of 11-15% without nezsurement or knowledge of the test
sample properties; (2) the data from a few "R4T tests may be used to determine a
linear correlation for each acceptor materiel, between shock pressure transnitted
and shock pressure in Flexiglas that is independent of the test diameter and; (3)
Hugoniot prediction from the results of the "RAT is not currently prectical because
of large errors in computing transmitted particle velocity.

-y N
© In this case: IFEl = % P“P Preqebion=Pe_ x\oo/N
) te%ud\ov\
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Coluan Py Py Fep® Pina
Accepter Dizmeter {Kbar) {Kbar) ‘Kbar) (Kvar)
steel 1/2v 6400 3,78 11.8 7426
Q= 7.86 g/ew® 1M 7.30 1340 1540 11.8
1/an 7.67 12,7 1544 12,1
1 1.1 9.6 7340 1c.1
1-1/0n 1%.5 2248 25ed 1.9
1 12.7 20.90 1A 207
1-1/2% 15.3 31.5 3202 2563
1/2n 17.3 21,2 3604 e
L 8.3 45.8 - -
sluninun 1/2% 2,10 2410 5.7 el
Q= 2.77 g/ed 1 5,06 8.20 &.5 6.6
1/2% 7.57 11l.4 12.7 5.7
1-1/2% 9.20 13.9 1545 122
1 G468 1.4 1644 1.9
i 11.7 14.0 20.C 15,7
1/2n 13,1 217 225 17.7
1-1/z% 1&.1 20.6 C.6 24,60
1-1/2m 9.7 36,8 21.6 0.5
1 33.2 410 5€.0 4545
% By vs. Py ¢ [FEl = 21.8%, FE = + 2L.g%,
Y Fpovs. Byy: VEL = 15.1%, FE = +0.4%,
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Figure 2
FRAMING CAMERA STUDY
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STREAK CAMERA STUDIES '
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